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Abstract The final goal in recombinant protein production is
to obtain high-quality pure protein samples. Indeed, the suc-
cessful downstream application of a recombinant protein de-
pends on its quality. Besides production, which is conditioned
by the host, the quality of a recombinant protein product relies
mainly on the purification procedure. Thus, the purification
strategy must be carefully designed from the molecular level.
On the other hand, the quality control of a protein sample must
be performed to ensure its purity, homogeneity and structural
conformity, in order to validate the recombinant production
and purification process. Therefore, this review aims at pro-
viding succinct information on the rational purification design
of recombinant proteins produced in Escherichia coli, specif-
ically the tagging purification, as well as on accessible tools
for evaluating and optimizing protein quality. The classical
techniques for structural protein characterization—denaturing
protein gel electrophoresis (SDS-PAGE), size exclusion chro-
matography (SEC), dynamic light scattering (DLS) and circu-
lar dichroism (CD)—are revisited with focus on the protein
and their main advantages and disadvantages. Furthermore,
methods for determining protein concentration and protein
storage are also presented. The guidelines compiled herein
will aid preparing pure, soluble and homogeneous functional
recombinant proteins from the very beginning of the molecu-
lar cloning design.
Keywords Recombinant protein . Fusion tags . Protein
purification . Structural characterization . Quality control .
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Introduction
Recombinant protein production (RPP) has been increasingly
used in laboratorial research for obtaining recombinant pro-
teins for biophysical and structural studies (Vedadi et al.
2010), diagnostic and therapeutic purposes (Jozala et al.
2016), as well as emerging applications, such as smart mate-
rials (Hollingshead et al. 2017). The RPP field constitutes a
multi-billion dollar market since a significant part of the main
biotechnological market products are recombinant proteins.
Namely, the total market sales from microbial recombinant
products have reached approximately $50 billion in 2016,
representing one third of the total sales of biopharmaceuticals
(Jozala et al. 2016). Regardless the final protein application,
high-quality protein samples must be obtained upon the RPP
process, which could fulfil established purity and conforma-
tional requirements. Purification and characterization of re-
combinant proteins can be demanding, expensive and time-
consuming, but can determine protein quality. That is, the
successful application of a recombinant protein depends, to a
great extent, on its efficient downstream processing. This
comprises protein purification, quality validation, quantifica-
tion and storage. The design of a rational protein purification
strategy should be the first step in the overall RPP strategy. A
poor purification design may result in misfolded or heteroge-
neous protein samples due to the interference of sequence
additions, such as tags or extra amino acids resulting from
the cloning procedure, and/or absence of refining steps in
the purification procedure. Thus, adequate structural studies
must be conducted to access the quality of the purified
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recombinant proteins and/or to aid optimizing their purity,
homogeneity and solubility.
The RPP field has attracted a raising interest as indicated by
the number of new molecular tools and methods described in
recent years (e.g. Costa et al. 2014; Oliveira et al. 2015).
Protein purification and structural characterization have al-
ready been the focus of some reviews (e.g. Manta et al.
2011; Saraswat et al. 2013; Yadav et al. 2016). Moreover,
consensus RPP protocols (Gräslund et al. 2008) and
workflows for quality control have been proposed (e.g.
Lebendiker et al. 2014; Raynal et al. 2014) to instruct re-
searchers in the production of soluble and reliable recombi-
nant products. However, the subjects of protein purification
and quality assessment are found separately, while both are
strictly linked. Furthermore, both subjects are essential for
those who are working in the RPP field and thus would be
preferably found in a single document. Thus, this review in-
tends to get relevant information altogether, by providing a
succinct updated summary on the purification and quality
evaluation of recombinant proteins. For more detailed infor-
mation on the different referenced techniques, the reader is
directed to specific reviews on the topic. Specifically, we will
give key guidelines for designing a rational purification strat-
egy and choosing accessible methods for characterizing re-
combinant proteins in order to obtain high-quality samples.
The core of the review will be divided into three main sec-
tions, namely (i) protein purification strategies, (ii) protein
quality assessment: structural characterization and (iii) optimi-
zation of protein stability, quantification and storage.
Important aspects in the molecular design of the purification
procedure will be highlighted, such as how to introduce re-
movable protein tags in gene cloning and the use of bioinfor-
matics to predict protein properties and structure, to help
choosing fusion partners and where to attach them in the pro-
tein. In sum, a concise review covering essential aspects of
purification and refining of recombinant protein samples will
be provided for researchers starting in the area as well as
experienced researchers searching for compiled and updated
information.
Protein purification strategies
The purification of recombinant proteins must be carefully
designed not only because this is the most expensive step in
RPP but also due to its significant impact on protein function/
application. There is no single or simple way to purify all
kinds of proteins because of their diversity and different prop-
erties (Costa et al. 2014). Furthermore, the purification proce-
dure depends on the expression system, and namely, if the
protein is produced inside or outside de host cells. In yeast,
such as Pichia pastoris, production is typically directed into
the extracellular medium, to allow post-translational
modifications (e.g. glycosylation), where low levels of native
proteins are found. Thus, in this case, purification is quite
simple; a single purification step may be sufficient (Oliveira
et al. 2008). In Escherichia coli, purification is more complex
because recombinant proteins are mainly produced inside the
cells, even though the expressed protein can comprise up to
50% of the total cellular protein (Francis and Page 2010). The
purification strategy also depends on the purity level required.
Efficient purification of a target protein from a crude cell ex-
tract is not always straightforward, and sometimes, more than
one purification step is necessary. As such, fusion tag technol-
ogy has been employed to facilitate purification, by reducing
purification steps to a minimum, while increasing yield and
purity. The main difficulty is to decide which and how many
tags should be employed, where to attach them in the protein
and whether or not they should be removed from the protein.
The main guidelines to design a rational tagging purification
strategy are discussed below.
Overall fusion strategy: molecular design
of the purification procedure
The purification strategy should be designed together with
the gene expression procedure (Saccardo et al. 2016).
There is no universal fusion tag to purify any recombinant
protein, and many times, it requires experimental identifi-
cation (Lebendiker and Danieli 2014). However, the design
of a rational purification strategy can increase the chances
of success. The choice of the fusion partner often relies on
costs and tools available at each lab. However, tag type,
size and location can be the most important criteria of
selection.
(i) Tag type. The most used purification tags for protein pu-
rification are the affinity tags (see BTag-dependent
purification^ section). Affinity tags can deliver different
purposes. The His-tag is the most popular affinity tag
either as single tag or as a handle in non-traditional tan-
dem affinity purification (TAP) tags (i.e. two affinity tags
fused in tandem) (Yadav et al. 2016). Its utility in protein
detection and crystallization has also been well
established (Costa et al. 2014). However, contrary to a
general belief, it can interfere with protein structural
and/or functional properties (e.g. Noirclerc-Savoye et al.
2015; Chen et al. 2015). For solving problems of insolu-
bility, affinity tags that also work as solubility enhancers
are used (see BTag-dependent purification^ section)
(Costa et al. 2014). New computational tools for
predicting protein solubility from the primary sequence
have been recently described, such as ccSOL (Agostini
et al. 2014), Protein-Sol (Hebditch et al. 2017) and PON-
Sol (Yang et al. 2016) (Table 1). Of note, only ~ 20% of
all recombinant proteins expressed in bacteria are
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produced in soluble form, and this percentage is reduced
to ~ 10% for mammalian-sourced proteins (Gräslund
et al. 2008). TAP tags are employed when high purity
levels of protein are required, as is the case of therapeutic
and biomedical applications (Zou et al. 2017). Affinity
purification tags suitable for in vivo studies are also avail-
able (HaloTag Technology, England et al. 2015). The
advantages and limitations of commonly used affinity
tags have been previously discussed with great detail
(e.g. Costa et al. 2014; Yadav et al. 2016).
(ii) Tag size. Small tags are typically chosen for being less
prone to impact on folding, biological activity and immu-
nogenicity of the target protein. However, larger tags can
provide higher protein production levels due to their
strong translational initiation signals. Moreover, if the tar-
get protein has a small size, e.g. peptides, large tags are
chosen to prevent host expression problems (Guerreiro
et al. 2008; Ramos et al. 2010, 2013). Tag size also de-
pends on the overall conformation of the protein (see (iii)
Tag location). Independently of their size, tags can be
easily introduced in gene cloning using PCR methods
(Aguiar et al. 2017; Oliveira et al. 2017). Basically, the
base pair sequence of tags are included in conventional
primers (small tags) or megaprimers (large tags), follow-
ing general rules of primer design (Oliveira et al. 2017),
which are subsequently assembled and amplified,
together with the target gene, in single or multi-step
PCR protocols, respectively. Tag removal is often neces-
sary because tags, the large ones in particular, may inter-
fere with the structure and function of the protein. Tags are
generally removed from the target protein using specific
proteases, whose enzymatic sequence site is placed
between the tag and the protein. Thus, for further tag
cleavage, the base pair sequence coding this site (most
protease recognition sites are very small, ranging from
four to eight amino acids) can be placed in primers (5′-
3′) downstream the tag sequence (Costa et al. 2013a).
Specific codons for chemical cleavage sites can be placed
instead, such as proline and aspartate triplets for formic
acid cleavage (Ramos et al. 2010, 2013). The proteolysis
susceptibility (Table 1) of the target protein to the chem-
ical should be previously estimated.
(iii) Tag location. A favourable exposition of the N-terminal
and/or C-terminal of the protein for tagging should be
evaluated ideally by analysis of its tertiary structure (if
already deposited at the RSCB Protein Data Bank
(PDB)) or by homology-based modelling using the re-
solved structure of closely related proteins as structural
template (SWISS MODEL, Biasini et al. 2014)
(Table 1). In case both ends are hidden (i.e. faced in-
wards the structure), it does not necessarily mean that
the protein cannot be tagged. Fusion protein linkers can
be used to improve tag accessibility for purification
(Chen et al. 2013). Larger tags can also be used instead
of smaller ones for the same reason. For instance, large
tags facilitated His-tag purification of tetrameric plant
lectin frutalin from E. coli, while significantly improv-
ing its solubility and stability (Oliveira et al. 2014a). If a
free (native) N-terminal is determinant for protein activ-
ity, the C-terminal should be chosen for tag location.
Alternatively, as C-terminal tagging is more favourable
for efficient expression, tag can be placed at this end and
cleaved with a protease that leaves none (e.g. factor Xa)
or few additional residues (e.g. TEV) at the N-terminal
of the protein (most proteases cleave at or near the C-
terminus of their own recognition sites). Chemical
cleavage (Ramos et al. 2010, 2013) and intein self-
cleavage (Shi et al. 2017) also leave few or none extra
amino acids and thus can be considered for a more cost-
effective tag removal procedure. Tag removal must be
also carefully designed as it has many practical difficul-
ties associated (for a review, see, e.g. Yadav et al. 2016).
Anyway, the effect of tag and its cleavage on protein
properties should be evaluated by functional and struc-
tural assays (see BProtein quality assessment: structural
characterization^ section).
Tag-dependent purification
Affinity tagging has boosted the efficient purification of re-
combinant proteins. The sizes of the affinity tags range from <
1 kDa (e.g. 3–10× His-tag) to ~ 43 kDa (MBP (maltose bind-
ing protein)) (Yadav et al. 2016). They can be attached either
to the N-terminal or C-terminal of the protein, or fused in
tandem (known as TAP tags), usually in a dual format. TAP
tag technology allows efficient protein purification from cell
extracts (i.e. very contaminated samples) in two consecutive
steps. Compared with single-step purification, TAP signifi-
cantly reduces non-specific background and isolates protein
complexes with higher purity (Li 2011). Although initially
developed in yeast for protein-protein interaction studies,
TAP tags have been efficiently modified in various expression
systems for protein purification, including yeast, bacteria, in-
sect and mammalian cells and plants (Yadav et al. 2016).
Emerging multi-TAP combinations are being developed to
amplify the versatility and downstream applications (Yadav
et al. 2016). For example, very recently, the TAP tag His-
SBP (streptavidin-binding peptide, ~ 5 kDa) was used to pu-
rify efficiently from E. coli the heterodimeric isoform CK-MB
of the human creatine kinase, an important biomarker of myo-
cardial injury (Zou et al. 2017). Interestingly, after simulta-
neous expression of CK-M and CK-B genes from a dual ex-
pression vector, subsequent two-step purification and tag re-
moval with factor Xa, the recombinant product exhibited
equal parts of M and B isoforms in SDS-PAGE and presented
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high catalytic activity and good commutability with an iden-
tical standard commercial enzyme (Zou et al. 2017). The sub-
ject of fusion tags has already been well described in many
excellent reviews (see, e.g. Costa et al. 2014; Yadav et al.
2016). Nevertheless, novel tags, from natural origin (Li et al.
2016) or rationally designed (Morris et al. 2016), are contin-
ually being reported in the literature. Among the affinity tags
recently described, interesting alternatives to the His-tag have
been presented (Vargas-Cortez et al. 2016; Cantu-Bustos et al.
2016). Namely, the SmbP and CusF tags, small metal-binding
proteins of 9.9 kDa isolated from Nitrosomonas europaea and
E. coli, respectively, could be used to purify fluorescent model
proteins from E. coli at yields higher than that obtained using
the His-tag. Furthermore, tags increased recombinant protein
solubility compared to the levels obtained using the common
fusion proteins MBP and GST (Vargas-Cortez et al. 2016;
Cantu-Bustos et al. 2016). Some fusion tags for protein
solubility that also work as purification tags have been like-
wise reported in recent years. For example, the novel Fh8 tag,
a small (8 kDa) calcium-binding protein isolated from
Fasciola hepatica, has shown outstanding combined solubil-
ity and purification abilities in E. coli (Costa et al. 2014).
Namely, cleaved proteins from Fh8 fusions were soluble and
obtained in similar or higher amounts than proteins cleaved
from other partners as Trx, NusA orMBP (Costa et al. 2013a).
Moreover, Fh8 allowed purification of fused proteins by
calcium-dependent hydrophobic interaction chromatography
(HIC) at efficiencies identical to those of the His-tag (Costa
et al. 2013b). Of note, the Fh8-HIC methodology presented
also the advantage of being compatible with His-tag purifica-
tion, thus, allowing a dual protein purification strategy that can
be used sequentially, complementing each other, to obtain a
more pure protein when desired (Costa et al. 2014). More
recently, a novel self-cleavable tag called Zbasic-intein
Table 1 List of free computational tools frequently used for protein analysis
Application Tool name Web link
Protein properties
Amino acid composition and mass ProtParam http://web.expasy.org/protparam
Isoelectric point Compute pI/Mw http://web.expasy.org/compute_pi
Hydrophobicity Hydrophobicity Plotter (Innovagen) http://pepcalc.com/
Cysteine residues
Disulphide bond connectivity DiANNA http://clavius.bc.edu/~clotelab/DiANNA/
Proteolysis susceptibility
Cutting sites for enzymes and chemicals PeptideCutter http://web.expasy.org/peptide_cutter/
Solubility
Expression in E. coli Protein-Sol http://protein-sol.manchester.ac.uk
ccSOL http://s.tartaglialab.com/page/ccsol_group
PON-Sol http://structure.bmc.lu.se/PON-Sol
Recombinant Protein Solubility
Prediction
http://www.biotech.ou.edu/
Aggregation propensity
Prediction of Bhot spots^ of aggregation in
polypeptides
AGGRESCAN http://bioinf.uab.es/aggrescan/
ThermoFluor
Tm curves analysis Meltdown https://github.com/C3-CSIRO/Meltdown
Circular dichroism
CD data analysis DICHROWEB http://dichroweb.cryst.bbk.ac.uk/html/home.
shtml
K2D2 http://cbdm-01.zdv.uni-mainz.
de/~andrade/k2d2//
K2D3 http://cbdm-01.zdv.uni-mainz.
de/~andrade/k2d3/
3D structure
Structure modelling I-TASSER https://zhanglab.ccmb.med.umich.
edu/I-TASSER/
YASARA www.yasara.org
SWISS MODEL https://swissmodel.expasy.org/
Structural parameters PDBparam http://www.iitm.ac.in/bioinfo/pdbparam/
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improved the solubility of recombinant cytokine human
interleukin-15 (IL-15) in E. coli and facilitated its purification
by cation exchange chromatography (Shi et al. 2017). Many
aggregation tags, directed for column-free purification, have
also emerged in recent years, with yield and purity generally
comparable to that of the His-tag (for a review, see Lin et al.
2015). These tags induce the formation of aggregates (during
or after expression) when fused to a target protein or peptide,
and upon separation from soluble impurities, the target protein
or peptide is subsequently released via a cleavage site (Lin
et al. 2015). Although very promising with respect to large-
scale cost savings in resin and columns, they have not been
extensively used because they present multiple shortcomings
(Lin et al. 2015), such as co-aggregation and entrainment of
impurities during precipitation and centrifugation, as reported
in Shi et al. (2013).
Tag-free purification: optimization of purity
and homogeneity
Although affinity purification has several recognized
advantages (Costa et al. 2014), it has as major disadvantage
the fact of being incapable of solving problems of protein
heterogeneity, as charge and size variability. Thus, convention-
al chromatographic purification methods, based on protein
properties such as size (size exclusion chromatography
(SEC)), charge (ion exchange chromatography (IEX)) and hy-
drophobicity (HIC) (Saraswat et al. 2013), are often coupled
downstream the affinity purification procedure for sample re-
fining (Fig. 1). Among them, SEC (also known as gel filtra-
tion) is a well-established technique to remove protein aggre-
gates, and thus to purify protein to size homogeneity, while
providing information regarding the correct oligomeric struc-
ture of the protein. SEC is currently the standard separation
technique for the separation/quantification of protein dimers,
trimers and other oligomers, whose structures are essential for
the activity of many proteins. It is also routinely used for
desalting and buffer exchange of protein samples. Its main
advantage is the mild (native) conditions that allow for the
characterization of the protein with minimal impact on the
conformational structure, and thus preserving its biological
activity. The main disadvantage is the dilution of the protein
sample during separation, which may alter equilibria between
oligomeric species, while a concentration step may be required
for downstream applications, which may induce protein
precipitation (Raynal et al. 2014). Theory and practice of
SEC for the analysis of protein aggregates have been recently
reviewed, including advances in the improvement of through-
put and resolution (Brusotti et al. 2017; Fekete et al. 2014). To
ensure protein homogeneity, SEC should be the last step of the
tagging purification strategy. Nonetheless, emerging methods,
such as mixed-mode chromatography (based mainly in elec-
trostatic and hydrophobic interactions) (Zhang and Liu 2016),
has attracted rising attention in recent years for tag-free purifi-
cation of correctly folded recombinant proteins with high pu-
rity level, without the need for further purification or polishing
steps (Gieseler et al. 2017).
Protein quality assessment: structural
characterization
Structural characterization of proteins can be a very de-
manding and time-consuming task. This is because it re-
quires large amounts of pure protein sample, appropriated
equipment and skilled labour. The level of characterization
depends on the final application of the protein, and most of
the times, full characterization is not necessary. In fact, the
best method to assess the correct conformation of a recom-
binant protein is to test its biological activity (Manta et al.
2011). However, even if the protein has the expected ac-
tivity, characterization of a purified protein in some detail
is a mean to assess and ensure its quality and to verify lot-
to-lot consistency. There are three important aspects that
must be carefully evaluated: purity, homogeneity and
structural conformity. There are several methods that can
address each one of these issues; the most accessible are
discussed below.
Protein purity
Purity is the first quality that must be evaluated in a protein
sample before any further experiment (Fig. 1). Common
contaminants of a recombinant protein product can result
from the culture medium, or can be incorporated from the
extraction and purification procedures (e.g. host contami-
nants). Thus, a hypothetically pure protein sample can be
in fact contaminated with many different molecules such
as nucleic acids, endotoxins and/or other proteins. Nucleic
acid contamination can be easily detected by UV-visible
spectroscopy. A high 260/280-nm absorbance ratio indicates
this contamination, whereas a ratio close to 0.57 corresponds
to a pure protein sample (Glasel 1995). Endotoxin contam-
ination is critical for therapeutic applications; conventional
and emerging methods for its detection have been recently
reviewed (Dullah and Ongkudon 2017). To evaluate contam-
ination by other proteins, denaturing protein gel electropho-
resis (SDS-PAGE (sodium dodecyl sulphate polyacrylamide
gel electrophoresis)) is normally used. Purity level of a pro-
tein sample by the criteria of gel electrophoresis is well
accepted within the research community, being considered
a basic requirement in quality control (Lebendiker et al.
2014). In fact, SDS-PAGE combined with the classical silver
nitrate staining, or other staining method with similar sensi-
tivity, is the most modest but reliable technique to certify
protein purity for most protein applications. Silver staining
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has an excellent sensitivity because it can detect protein
amounts as low as 1 ng (Chevallet et al. 2006). Simplified
and optimized protocols, compatible with downstream
processing such as mass spectrometry (MS) and quantitative
response, can be found in the literature (e.g. Rabilloud
2012). Hence, SDS-PAGE allows estimating the approxi-
mate concentration of a protein, as well as its molecular
weight (MW), upon gel calibration with suitable protein
standards. However, the presence of a single band with the
expected MW does not necessarily mean that the protein has
been purified to homogeneity. This must be evaluated under
native conditions using, e.g. native PAGE or other appropri-
ated methods (see BProtein homogeneity^ section).
Zymograms based on native PAGE or SDS-PAGE (from
which SDS is removed, followed by protein renaturation)
allows assessing in situ the referenced activity of the
recombinant enzymes, with detection of active glycosylated
isoforms, thus providing information on homogeneity and
structural conformity (Magalhães et al. 2014; Ribeiro et al.
2010). Another drawback of protein gel electrophoresis is
that it cannot separate contaminating proteins with a MW
close to the MW of the target protein; this should be done
using a technique with higher sensitivity, such as capillary
electrophoresis (De Jong et al. 2016). On the other hand,
SDS-PAGE may detect protein degradation (smeared bands
of lower MW than the target protein), glycosylation (using
specific staining) and, in some cases, oligomerization. For
example, recently, SDS-PAGE gel stained with Coomassie
brilliant blue R-250 revealed monomeric (19 kDa), dimer-
ic (38 kDa) and oligomeric (> 100 kDa) forms of a human
growth factor (VEGF) recombinantly produced from
E. coli, by analysis of a protein sample prepared under
non-reducing conditions (Nguyen et al. 2016). SDS-
PAGE can also be used to purify a protein (through band
excision) from a partly purified protein sample for analy-
sis of its primary structure by Edman degradation (N-
terminal sequencing) (Oliveira et al. 2008) or MS-based
methods (Zhang et al. 2014), for detecting desired or un-
desired small proteolysis events, or other modifications,
undetectable by SDS-PAGE, in order to evaluate protein
integrity.
Protein homogeneity
A protein sample is homogeneous if all molecules present
have the same size and, expectedly, are fully folded in its
native state. Soluble low or high MW aggregates are formed
by non-covalent association of two or more polypeptide
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chains, whichmay or may not retain their native fold (Murphy
and Roberts 2013). Aggregation depends on intrinsic (i.e.
structural features) or extrinsic factors (environment in which
protein is present, processing conditions, etc.) (Wang et al.
2010). Aggregation propensity of a protein can be evaluated
by computational approaches using its primary structure
(Pallares and Ventura 2017) (Table 1). Such protein com-
plexes may present reduced or no biological activity, besides
other side effects (e.g. immunogenicity), and thus must be
accurately detected. There are some straightforward methods
for detecting protein aggregates, such as UV-visible and fluo-
rescence spectroscopies or dynamic light scattering (DLS)
(Khan and Kumar 2017). DLS, also known as photon corre-
lation spectroscopy, has the advantage of combined sensitivi-
ty, reliability and broad applicability. Practical applications of
DLS for evaluating the presence of soluble high-order assem-
blies and protein aggregates and studying protein interactions
with other proteins, nucleic acid and small molecules (e.g.
endotoxins) have been recently reviewed (Stetefeld et al.
2016; Minton 2016). DLS has also many other attractive ad-
vantages, such as it is a rapid technique, it requires low
amounts of native samples, with simple or no previous prep-
aration, it is suitable for studying macromolecules with a wide
MW range, and it can detect trace amounts of high MW ag-
gregates. Moreover, a large number of samples may be
screened at once if using high-throughput instrumental analy-
sis (e.g. He et al. 2010). The more suitable analysis method for
studying protein aggregation is an intensity distribution
method, as high MW aggregates will disproportionately scat-
ter more light relative to smaller molecules enabling detection
even if present at a relatively low concentration (Stetefeld
et al. 2016). Distribution is plotted against an apparent hydro-
dynamic radius, i.e. radius of a hypothetical sphere that dif-
fuses at the same rate as the particle under investigation
(Stetefeld et al. 2016), which can be used to estimate the
MW of the target molecules using the instrument software.
However, autocorrelation functions must be carefully
interpreted and, preferably, presented together with processed
data (Minton 2016). DLS can also be employed for studying
the stability of the proteins over time and/or at different tem-
peratures, in diverse buffers, also in high-throughput format—
differential static light scattering (DSLS) (Senisterra et al.
2012). However, DLS has also a number of limitations
(Stetefeld et al. 2016): measurements are very sensitive to
temperature and solvent viscosity (temperature must be kept
constant, and solvent viscosity must be known for a reliable
experiment); it is a low-resolution method that often cannot
distinguish close quaternary structures (e.g. monomer from
dimer); this distinction should be done by SEC (see BTag-free
purification: optimization of purity and homogeneity^ sec-
tion); it is not very reliable nor reproducible for measuring
the MW (for that, alternate methods such as SLS-based
methods can be used); it is restricted to transparent samples;
large contaminating particles affect measurements (sample-
holding cuvette must be cleaned thoroughly, and sample must
be filtered prior to measurements); the signal depends on the
size and concentration of macromolecules, and thus, optimi-
zation of a range of concentrations may be required to obtain
reliable measurements. Finally, because the technique is so
simple (due to a simple set-up and fully automated measure-
ment), there is a high risk of casual users to over-interpret DLS
quantitative results (Minton 2016). Nevertheless, qualitative
analysis of DLS results is sufficient for the application
discussed herein.
Structural conformity
The study of secondary and tertiary structure of proteins is a
valuable complementary approach in quality control to vali-
date protein folding (Fig. 1). The principles and applications
of five spectroscopic techniques suitable for monitoring pro-
tein conformational changes have been recently reviewed in
Wang et al. (2017), namely Fourier transform infrared (FTIR),
Raman, circular dichroism (CD), fluorescence and ultraviolet
(UV) spectroscopies. CD is widely used in the RPP field for
determining the secondary structures and folding properties of
recombinant proteins, and in particular, the effects of muta-
tions and ligands, and also fusion tags on protein and poly-
peptide stability (Healey et al. 2017; Zvonova et al. 2017). It is
also routinely used for studying the unfolding and folding of
proteins as a function of temperature. For example, this CD
valence was employed to characterize the broad bactericidal
activity of a phage endolysin produced in E. coli (Oliveira
et al. 2014b). CD analysis demonstrated the exceptional abil-
ity of the protein to refold into its original conformation upon
thermal denaturation up to 75 °C, thus explaining how it can
retain activity after exposure of temperatures higher than its
melting temperature of 44 °C (Tm, the midpoint of the
unfolding transition). The great advantage of CD over the
other techniques is that it is a fast technique that requires
low amounts of protein (less than 20 μg, in the concentration
range of 0.005–5 mg/ml, depending on the path length of the
CD cuvette) (Greenfield 2006; Wang et al. 2017). However,
the major difficulty of CD is the preparation of a proper pro-
tein sample. Samples should be highly clear with no insoluble
protein aggregates present, as these will cause artefacts (Kelly
et al. 2005). Moreover, protein concentration should be accu-
rately determined for a reliable analysis. In fact, the trickiest
part of obtaining high-quality CD data is the correct determi-
nation of protein concentration. Dye-based methods that have
variable responses should not be used for this purpose (see
BProtein quantification^ section). Protein for CD analysis
should be at least 95% pure, desalted (or dialysed) into the
buffer and filtered (to reduce light scattering) immediately
before analysis. Importantly, concentration must be checked
after any protein manipulation. Buffers should be transparent
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and free of any optically active material. It is mandatory to
ensure the compatibility of buffers and additives (e.g. glycerol
≤ 20%) with the CD technique. Ideally, they should onlymake
small contributions to the overall absorbance of the sample
over the wavelength range of interest (Kelly et al. 2005).
More details on protein and buffer preparation for CD can
be found enclosed in specialized protocols. For example, the
protocol by Greenfield (2006) is very useful because it also
contains a troubleshooting guide. Besides the easy access to
dedicated literature and intuitive computational tools
(Table 1), acquirement and analysis of CD data require expe-
rienced knowledge.
Optimization of protein stability, quantification
and storage
Stability studies
Stability studies consist in the evaluation of the protein
susceptibility to the action of denaturant or degrading
agents, such as temperature, oxidants or proteases. Thermal
denaturation-based methods have increasingly become the
methods of choice for screening proteins against several
compounds and conditions that may stabilize proteins
(Senisterra et al. 2012). This is particularly important for
structural or functional assays, which are dependent on very
specific conditions. Protein thermal denaturation can be
analysed by different techniques, depending on the structural
level of analysis, such as CD (see BStructural conformity^
section). However, there has been a rising interest in
techniques adaptable into high-throughput format for easy
multiple parametric screening. One of the most used is the
fluorescence-based thermal shift (ThermoFluor) assay (i.e.
DSF (differential scanning fluorimetry)) (e.g. Boivin et al.
2013; Reinhard et al. 2013; Tileva et al. 2017). This method
uses an environmentally sensitive dye, mainly Sypro Orange,
to monitor the thermal stability of a pure protein under differ-
ent buffer conditions. The principle of the technique is based
on the detection of changes in the exposure of the hydropho-
bic core of the protein upon heat denaturation. Dye becomes
fluorescent only when it intercalates into a hydrophobic pock-
et of the unfolded protein. Real-time PCR machines with a
suitable fluorescent detector are used to compare melting
curve shifts in Tm. Bioinformatics’ tools have been developed
to aid in the interpretation of Tm curves (Rosa et al. 2015)
(Table 1). The ThermoFluor method has the advantage of
requiring low amounts of protein: ~1.2 μg of protein at least
75% pure per well of a 96-well plate (reference weight
30 kDa) (Boivin et al. 2013). This method is also useful to
evaluate the effect of fusion tags on protein stability. For ex-
ample, although small, the His-tag decreased the thermal sta-
bility of a viral protein by 4.1 °C (Boivin et al. 2013).
Nevertheless, it has also some disadvantages (Lebendiker
and Danieli 2014): it cannot provide information regarding
the oligomeric state of the protein, it cannot be used in the
presence of detergents, and the presence of intrinsic fluores-
cent aggregates makes it difficult to interpret. Thus, protein
homogeneity must be evaluated after buffer optimization (see
BProtein homogeneity^ section) (Fig. 1).
Protein quantification
Accurate determination of the concentration of a purified pro-
tein is particularly important for a reliable characterization by
structural and functional methods. However, the more accurate
methods are not commonly accessible (e.g. quantitative amino
acid analysis (AAA), Rutherfurd andDunn 2011). Nonetheless,
there are a number of easy and reliable techniques for measur-
ing protein concentration. The classical dye-based methods
make use of the binding or formation of a chromophore in the
presence of the soluble protein and subsequent measurement of
the chromophore absorbance (e.g. bicinchoninic acid (BCA),
Bradford, Lowry). Nevertheless, these assays have advantages
and disadvantages regarding accuracy, robustness or compati-
bility with various buffer components (Olson 2016). There are
however commercially available reagents with improved per-
formance, and optimized for fast and convenient protein deter-
mination. It is noteworthy that quantification by these methods
is based on calibration with a standard protein (e.g. BSA), and
dye may interact differently with different proteins, which can
be a source of error (Olson 2016). It would be preferable to use
as standard the protein under study, if commercially available,
or a close-related protein.
Measuring the absorption at 280 nm (A280) is the simplest
method for determining protein concentration of pure proteins
in clear solutions. This method is based on UV light absorp-
tion by aromatic residues, mainly tryptophans and tyrosines,
the two main light-absorbing amino acids. Its main advantage
over the dye-based methods is that it is independent of a ref-
erence protein, and so, if correctly executed, it may have a
superior accuracy. It has also some disadvantages, such as
the interference of nucleic acids, chromophores and deter-
gents. For example, imidazole, typically used in His-tag puri-
fication for protein elution, absorbs UV radiation at 280 nm,
and so must be removed before the measurement. Moreover,
the accuracy of the method strongly depends on the correct
determination of the extinction coefficient (ε) (Grimsley and
Pace 2004). If this parameter has already been experimentally
determined, the concentration of the protein (c) can be calcu-
lated using the Lambert-Beer law (A280 = ε×lc, where l is the
path length of the spectrometer) (Grimsley and Pace 2004;
Olson 2016). If not available, ε can be estimated from the
primary sequence of the protein using online tools, such as
Expasy’s ProtParam tool (Table 1). However, in this case, the
structure is not taken into account, which can affect the
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extinction coefficient. Moreover, if the protein has no trypto-
phans in its composition, the tool notifies for at least a 10%
error in the given parameter. The tool also provides a calcu-
lated A280 value for a concentration of 1 mg/ml, which can be
used to interpolate protein concentration. This value must be
corrected for the differences between native and denatured
protein. This can be done bymeasuring the A280 of the protein,
in the linear range of response, in the absence (native) and
presence (denatured) of 6 M guanidine (i.e. by diluting the
sample four times only in buffer and in 8 M GdmCl prepared
in buffer, respectively) (Kelly et al. 2005). The ratio of the
A280 values of native and denatured proteins is normally with-
in 0.9 and 1.1 and can be used to correct the calculated A280 to
give a more accurate value for the native protein (Kelly et al.
2005). Alternatively, protein concentration can be determined
from Beer’s law using predicted ε (the value given for all Cys
residues reduced, if protein contains cysteines in its composi-
tion) and A280 determined experimentally for denatured pro-
tein sample. In the absence of tryptophans and tyrosines in the
protein composition, a calibration curve of A280 (or another
wavelength) versus protein concentration determined by, e.g.
quantitative AAA can be constructed and used for determina-
tion of protein concentration of subsequent samples by UV
absorbance spectroscopy (Raynal et al. 2014).
Protein storage
The conditioning of a protein is as important as its production
and purification. Protein properties must be preserved in stor-
age. Storage conditions depend on the protein, and thus, there
are no standard protocols. There are, however, some rules that
can be followed. The first one is to avoid storage of the protein
at pH values close to its isoelectric point (Table 1); otherwise,
protein will precipitate. Drastic changes in pH and tempera-
ture, and overly high concentrations, should also be avoided
as they may promote protein denaturation/precipitation
(Jamrichová et al. 2017). Buffers reported as a source of sam-
ple heterogeneity, such as Tris, should not be used (Boivin
et al. 2013). Moreover, the addition of components that may
interfere with the protein application should not be an option,
as this will require a further desalting or dialysis step. The less
the protein is manipulated, the best for its stability.
Maintaining the protein on ice (or at 4 °C) and using it in
the following hours would be the better procedure; however,
this is not always possible. In fact, most proteins can be kept
stable at 4 °C from some days to weeks. In this last case,
samples must be filter-sterilized (through a 0.22-μm filter with
low binding capacity), or supplemented with antibacterial and
antimycotic agents (e.g. 0.1% sodium azide), to avoid micro-
bial contamination (Jamrichová et al. 2017). Themost suitable
storage temperature can be determined experimentally by
monitoring the stability of small aliquots of the protein over
time at some relevant temperatures (i.e. room temperature,
4 °C, or lower temperatures as − 20 °C) using, e.g. DLS and
a functional assay (Raynal et al. 2014). For storage of proteins
by longer periods, different methods can be tested, such as
freezing, salt precipitation or lyophilization (Carpenter et al.
2002; Simpson 2010), but their effects on protein properties
should be as well evaluated. It should be noted that, although a
rapid freezing of small aliquots at − 20 °C is preferred over a
slow freezing, this method requires case-to-case validation, as
freezing/thawing can induce protein denaturation, aggregation
and precipitation (Cao et al. 2003). Several additives can be
included to enhance protein stability, such as cryoprotectants
(e.g. glycerol, up to 40% (w/v)), reducing agents (e.g. 1 mM
DTT), protein-specific ligands (Lebendiker and Danieli 2014)
or serum albumins (e.g. BSA, 10 mg/ml) (Jamrichová et al.
2017). At the end, the optimal storage conditions can differ
significantly from the application conditions, and thus, a buff-
er exchange step may be necessary, followed by verification
of the homogeneity, functionality and concentration of the
protein.
Final remarks and future perspectives
The greatest challenge in a RPP process is to obtain soluble,
homogeneous, pure protein samples, natively active at well-
known concentrations in suitable buffers for the aimed appli-
cations. The increasing awareness of the importance of this
goal for successful recombinant proteins’ use leads to signif-
icant advances in this field. Novel affinity purification tags
from natural origin, genetically modified or synthetic, as well
as tag combinations, have revolutionized the access of high
soluble yields of difficult-to-express proteins (Yadav et al.
2016). Moreover, fusion tag technology has been fundamental
for the improvement of the throughput capacity of RPP (Jia
and Jeon 2016; Konczal and Gray 2017), allowing this to keep
pace with the rapidly growing high-throughput omics technol-
ogies (Sequeira et al. 2017). Tag choice and the design of the
purification procedure are the first-line determinants of protein
quality and thus must be carefully addressed. Classical struc-
tural characterization techniques are conducted to ascertain
protein quality in terms of purity (SDS-PAGE), homogeneity
(DLS, SEC) and structural conformity (CD). The rising de-
mand for multiple high-quality protein samples has led to
important progresses in the high-throughput of classical tech-
niques for assessing and optimizing protein homogeneity, sol-
ubility and stability, such as SEC (Brusotti et al. 2017) or DSF
(Tileva et al. 2017). Besides, structural characterization tech-
niques together with the development of bioinformatic tools
lead to a more comprehensive knowledge on protein structure,
function and environmental condition interrelation, which will
pave the way for the rational design of an effective purification
strategy that results in high-quality functional recombinant
protein.
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